The role of genes implicated in the regulation of spermatogenesis and their patterns of expression is still poorly understood. In this study, we took advantage of the cystic arrangement of the teleost testis to set up a laser capture microdissection procedure to isolate cells from cysts containing spermatogonia, spermatocytes, spermatids, or spermatozoa. We then used quantitative PCR to determine the stage-specific expression patterns of the germ cell marker vasa; gonadal aromatase (cyp19a); estrogen receptors (ers) alpha, beta1, and beta2 (era, erb1, and erb2, respectively); 11beta-hydroxylase (cyp11b1); androgen receptor beta (arb); insulinlike growth factor 1 (igf1); and sox17. vasa had the highest mRNA levels, followed by genes involved in androgen metabolism (cyp11b1 and arb). Most genes associated with estrogen metabolism (cyp19a, era, and erb1) had a lower expression, whereas igf1 and sox17 exhibited the lowest mRNA levels. Comparison of changes in mRNA levels revealed five patterns of gene expression, in general with progressively lower expression seen as spermatogenesis advanced. igf1 and sox17 were exclusively expressed in spermatogonia-containing cysts, suggesting effects during the proliferative stage. Genes involved in androgen synthesis (cyp11b1) and action (arb) peaked during the early stages of spermatogenesis and then sharply decreased. In contrast, genes associated with estrogen action, particularly erb2 and era, showed a more gradual decrease. Together, these results demonstrate the usefulness of fish models and suggest that whereas androgens are required at high levels and may exert their major actions at the initial stages of spermatogenesis, estrogens are also essential, albeit required at lower levels, and with a more generalized influence.
INTRODUCTION
Spermatogenesis is a tightly regulated and complex process involving several cell-cell interactions perfectly ordered in space and time. It begins with rapid proliferation of spermatogonia through mitotic divisions, leading to primary spermatocytes, which through a first meiotic division become secondary spermatocytes. A secondary meiotic division without DNA replication generates haploid spermatids that finally are transformed into mature spermatozoa. The basic features and the regulatory mechanisms of spermatogenesis are, in essence, well conserved throughout vertebrates [1, 2] .
Spermatogenesis is triggered by the release of gonadotropin hormones by the pituitary gland that stimulate androgen production in the testis [1, 3, 4] . The hormonal control of spermatogenesis is accomplished in a stage-specific and cellspecific manner by a vast number of factors [5] [6] [7] [8] [9] . However, due to the complexity of the testis structure, it is difficult to quantify the expression of genes in specific cell types. Gene expression has been studied by whole-tissue approaches, including in situ hybridization [10, 11] . However, this methodology is not quantitative. Alternatively, serial analysis of gene expression (SAGE) allows the quantification of mRNA levels of a large number of genes [12, 13] . However, SAGE cannot determine with enough precision the cellular localization of expressed genes. Cell-specific gene expression can be studied by in vitro culture of isolated specific cell types [14, 15] . The major drawback of this approach is that it is time consuming and, further, obtaining a sufficient amount of viable cell populations from the same stage of development in enough purity and quantity is not always straightforward.
The development of laser capture microdissection (LCM) in the late 1990s [16, 17] made possible the isolation of specific cell populations from sections of complex tissues and, in some cases, to obtain individual cells. Laser capture microdissection was initially conceived for the study of gene expression in cancer cells [16] , but was quickly adopted to study gene expression in several tissues and different experimental situations [18] . Thus, LCM coupled with reverse transcriptase-quantitative real-time polymerase chain reaction (RTqPCR) is a powerful method to accurately quantify gene expression in particular cell types, and its specificity has made this technique an ideal tool for studying gene expression during spermatogenesis [19, 20] . In mammals, for example, LCM has been used to quantify the stage-specific expression of selected genes during rat [7] and mouse [9] spermatogenesis, and the identification of differentially expressed genes between primary spermatocytes and round human spermatids [21] . Nevertheless, the intricate association between Sertoli cells and germ cells typical of mammals during the spermatogenic wave still makes difficult the isolation of staged germ cells.
In teleost fish, the largest group of vertebrates, two major testis structures are present, both clearly differentiated from the characteristic tubular organization of the mammalian testis. One, the anastomosing tubular testis, is only present in basal teleosts. The other, the lobular testis, is more widespread and is present in all higher teleosts. The lobular testis morphology is characterized by the presence of germinal compartments that extend to the periphery of the testis and terminate blindly [22, 23] . Furthermore, teleost spermatogenesis takes place inside cysts and proceeds synchronously spatially and temporally in many species, reflecting this cystic mode and also as a consequence of their seasonal spawning behavior. Within a given cyst (spermatocyst), Sertoli cells are in contact and accompany an isogenic clone of germ cells that are at the same developmental stage [24] . In addition, the hormonal regulation of fish spermatogenesis is essentially similar to that of mammals, with two pituitary gonadotropins, FSH and LH, involved and with androgen and its receptor as key players [2, 3, 25] .
However, the role of many genes implicated in the control of spermatogenesis needs to be further clarified. For instance, initially it was believed that the role of androgens was restricted to the initiation of spermatogenesis itself, with a mediating role of insulinlike growth factor 1 (igf1) [26] . More recently, however, it has been suggested that androgens also induce meiosis and spermiogenesis [4] . On the other hand, estrogens are associated with the regulation of spermatogonial stem cell renewal [27, 28] , but recent findings suggest their implication in the latter stages of spermatogenesis [29] . Thus, their role in spermiogenesis is still a controversial issue. The arrangement of the teleost testis with a lobular structure with cysts containing germ cell types at different developmental stages, and the more simplified architecture of fish Sertoli cells when compared to that of mammals, are technically advantageous. Thus, the objective of this study was the development and application of LCM coupled with RT-qPCR to study gene expression patterns during fish spermatogenesis.
We analyzed stage-specific gene expression during spermatogenesis progression in the sea bass (Dicentrarchus labrax). This species has become an established research model in teleost reproductive physiology [30, 31] . The sea bass has a lobular testis, and spermatogenesis proceeds with cysts containing germ cells at the same stage of development [32] . We first optimized an LCM protocol for successful identification, capture, and preservation of cells obtained from cysts exclusively containing spermatogonia, spermatocytes, spermatids, or spermatozoa. Next, for each stage we analyzed the expression pattern of genes cloned in the sea bass and related in fish and/or mammals with the regulation of spermatogenesis. These genes included vasa [33] ; gonadal aromatase (cyp19a) [34] ; 11b-hydroxylase (cyp11b1) [35] ; sex hormone binding globulin (shbg) [36] ; the estrogen receptors (ers) a, b1, and b2 (era, erb1, and erb2, respectively) [37] ; the androgen receptor b (arb) [38] ; sox17 [39, 40] ; and igf1 [26] .
MATERIALS AND METHODS

Animals and Tissue Dissection
Testes were obtained from twelve 330-day-old sea bass males with an average body weight of 89.85 6 6.13 g (mean 6 SEM) that were maintained under natural conditions of photoperiod and temperature in our experimental aquarium facilities, and were fed with a commercial pelleted diet. Fish were anesthetized with an overdose of MS-222 (Sigma, St. Louis, MO) and killed by decapitation. Gonads were excised under RNase-free conditions. One of the two testes was processed for conventional histological analysis to reliably identify germ cell types and abundance and thus to establish with precision the degree of spermatogenic progression according the guidelines described by Grier and Taylor [41] for fish in general, and by Zanuy et al. [42] for sea bass in particular (Fig. 1) . The other testis was prepared for LCM as described below. Animals were treated according to the European Union Council Directive 86/ 609 EEC for the protection of animals used for experimental and other scientific purposes and European Union Commission recommendation 2007/ 526/CE regarding experimental animals.
Sample Preparation for LCM
A major goal of LCM is to ensure good tissue preservation for proper morphological cell identification while preserving RNA quality for subsequent gene amplification. Hence, preliminary trials were carried out to determine the best dehydration and fixation of the tissues prior to freezing. All material in contact with tissues was previously treated with two washes of RNaseZAP (Sigma) and rinsed with 70% EtOH DEPC water to ensure that no degradation of RNA occurred. All solutions were prepared with DEPC-treated water.
Prior to sectioning, tissues were placed in sterile and RNase-free-treated plastic molds and embedded with optimal cutting temperature compound (Shandon Criomatrix; Thermon Electron Corp., Pittsburgh, PA). Frozen sections were cut at 10 lm with a fresh steel blade on a Leica CM3050S cryostat (Leica Microsystems, Wetzlar, Germany) thermoregulated at À208C. Sections were mounted on sterile and ultraviolet-treated glass slides fitted with a center hole covered with an ethylene vinyl acetate thermoplastic membrane (Palm membraneslide; PALM Microlaser Technologies, Bernried, Germany), where the tissue section was carefully placed. Slides were kept at À808C until microdissection.
Laser Microdissection
Just prior to microdissection, slides bearing the frozen sections were first submerged for 30 sec in ETOH 70%, then rinsed twice for 10 sec with DEPC water, slightly stained for 15 sec in Mayer hematoxylin prepared in DEPC water, and finally quickly rinsed twice with DEPC water. Immediately, sections were placed in the laser microdissector plate for tissue recognition, microdissection, and catapulting.
Cell recognition was based on the cell diameter and developmental status of sea bass males based on the information provided in Felip et al. [43] . Laser capture microdissection was carried out with the aid of an Olympus IX70 inverted microscope (Olympus Corp., Tokyo, Japan) fitted with a PALM Robot MicroBeam (PALM Microlaser Technologies). To facilitate the microdissection of cysts containing only the desired germ cell type and to increase cell specificity, cells from cysts containing only spermatogonia (SPG) were microdissected exclusively from the testis of stage III males, which essentially only contained this germ cell type, but a few cysts with more advanced stages could also be observed. This indicates that the stage III males used were already starting spermatogenesis. Cells from cysts containing spermatocytes (SPC) and spermatids (SPD) were microdissected from stage IV maturing testes. Cells from cysts containing nonactivated, immotile spermatozoa (SPZ) were microdissected from males with mature testis (stage V), in which spermatozoa dominated. For each one of the spermatogenic stages studied (SPG, SPC, SPD, and SPZ), as defined by the germ cell type present within the cysts, we used the testes of three different males of the same stage to account for possible interindividual variation. Spatial information on the selected areas of the sample to be microdissected and catapulted was marked and stored with the aid of the PalmRobo 1.0 software (PALM Microlaser Technologies).
We used laser microdissection pressure catapulting [44] , a modification of LCM that employs a laser beam first to microdissect target areas of the sample and then uses a gas pressure created by a pulse of ultraviolet laser beam about 1 lm thick that melts the ethylene vinyl acetate thermoplastic membrane directly into the sample. The pulse catapults the sample into a cap of a microcentrifuge tube placed upside-down nearby and containing about of 40 ll of the lysis buffer for RNA extraction (Fig. 2) . To prevent possible problems associated with RNA degradation, microdissection was accomplished in less than 30 min, since optimization tests showed that past this time loss of RNA quality and sample evaporation could occur. Within a given spermatogenic stage, and from each one of the three males used at the same spermatogenic stage, many cysts were microdissected to account for possible intercystic variations in gene expression.
RNA Extraction and cDNA Synthesis
Total RNA was extracted from microdissected cells using the microRNeasy kit (Qiagen, Valencia, CA) following the manufacturer's protocol with minor modifications. To prevent genomic DNA contamination, a 15-min DNase I treatment was carried out at room temperature. RNA quality was determined with a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), whereas RNA quantity was determined with a Nanodrop ND1000 (Nanodrop Technologies, Wilmington, DE). For cDNA synthesis, reverse transcription (RT) was performed with Superscript II (Invitrogen, Carlsbad, CA) using random primers in a 20-ll final volume following the manufacturer's instructions.
Candidate Genes, Primer Design, and RT-qPCR
Of the several known genes implicated in the regulation of spermatogenesis in vertebrates, from fish to mammals, a total of 10 genes that had also previously been cloned in sea bass were selected (Table 1) . To facilitate laboratory procedures and data analysis, qPCR was optimized for each gene independently. New primers were designed to standardize qPCR reactions to the same thermal profiles. This was done for all genes except erb1 and erb2, since the primers described in Halm et al. [37] already fulfilled the desired PCR conditions. Each qPCR was carried out in duplicate on an ABI7900HT (Applied Biosystems, Foster City, CA). Reactions were performed in 384-well plates with a final volume of 20 ll. Polymerase chain reactions contained 13 SYBR Green PCR master mix (Applied Biosystems), 10 pmol of each primer, and 1 ll of the RT reaction. Cycling parameters shared for all genes were: 508C for 2 min and 958C for 10 min, followed by 40 cycles of 958C for 15 sec and 608C for 1 min. Finally, a temperature-determining dissociation step was performed at 958C for 15 sec, 608C for 15 sec, and 958C for 15 sec at the end of the amplification phase. For all primer combinations, PCR product authenticity was assessed by gel electrophoresis and DNA sequencing.
Once all cell types were successfully catapulted and all primer combinations gave satisfactory PCR products and efficiencies, the amount of tissue needed to amplify all genes was also optimized. Adjusted intensity was estimated by visualizing PCR products in a Fluor-STM Multimager system from Bio-Rad (Hercules, CA). Densitometric signals were measured using the MultiAnalist image analysis system software (Bio-Rad).
Data Analysis
Quantitative PCR data were collected by SDS 2.2 software (Applied Biosystems) and used to estimate the cycle threshold (C T ) for each reaction replicate. Once C T for all replicates was obtained, analyses were conducted using Qgene software [45] . Briefly, for each primer combination, the amplification efficiency (E) was determined as E ¼ 1
, where the slope was estimated plotting the C T in a serial dilutions of cDNA. To allow comparison of the mRNA levels among different stages and genes, the FIG. 1. Photomicrographs of fixed, paraffin-embedded, and hematoxylin and eosinstained (A, C, F) or unfixed, slightly hematoxylin-stained frozen sections as viewed by light microscopy just prior to microdissection (B, D, E, G) of sea bass testis to depict the maturing status of the fish used in this study. A, B) Stage III male, with an immature differentiated testis with seminiferous tubules containing only spermatogonia. C-E) Stage IV male, with an early maturing testis with different types of germ cell cysts. F, G) Stage V male, with a mature testis. Spg, Spermatogonia; Spc, spermatocytes; Spd, spermatids; Spz, spermatozoa. Bar ¼ 50 lm (A-E); 100 lm (F); and 25 lm (G).
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normalized expression (NE) of each replicate was related to 18S expression levels by the formula:
For each spermatogenic stage, data are expressed as mean 6 SEM of six RNA samples (two independent RNA samples from each of three males used for each stage; each RNA sample is representative of many microdissected cysts at the same stage). Data were tested for normality and log transformed if necessary. For each gene, differences in expression levels among the different stages were analyzed by a one-way analysis of variance (ANOVA), followed by a Tukey posthoc analysis for multiple comparisons. Differences were considered statistically significant at P , 0.05.
RESULTS
Development of LCM Methodology and qPCR Validation
Preliminary trials consistently showed that the treatments sometimes applied prior to tissue freezing, such as 30% sucrose dehydration and/or 4% paraformaldehyde fixation [46] , did not result in better tissue structure and RNA preservation compared with untreated samples. Therefore, during biopsy, testes to be microdissected were directly snap frozen on liquid nitrogen and kept at À808C without any further manipulation until sectioning. This allowed the subsequent correct discrimination between cysts containing the four main germ cell types present during sea bass spermatogenesis (Figs. 1 and 2) with an acceptable similar image quality to the paraffin-embedded and conventionally stained sections (in Fig. 1 , compare A vs. B, C vs. D and E, and F vs. G). Further, during microscopic observation it was found that covering the slides with a thin layer of DEPC water facilitated cell identification in frozen sections. However, discrimination between primary and secondary spermatocytes in this type of section was not completely reliable and thus separate data for these two germ cell types are not provided.
Quantitative PCR optimization was achieved when for each studied gene the primers used gave a pure PCR product, as determined by a single peak in the melting temperature (Table  1) . Amplification efficiencies and linearity ranged between 1.9 and 2.1 (Table 1) .
During preliminary trials using a subset of the genes studied, it was found that the amount of tissue catapulted and the amount of RNA obtained were not always correlated. Therefore, the assessment of the expression patterns was carried out using the same quantity of tissue for each stage, approximately 1 3 10 6 lm 3 , an amount found to be necessary to obtain enough RNA to analyze, in the same sample, all the genes to be studied (Fig. 3) . For 18s, mean C T values (6SEM, n ¼ 6) did not differ significantly (P . 0.05) among cysts at containing the different germ cell types: SPG, 22.59 6 1.00; SPC, 22.98 6 1.62; SPD, 22.37 6 0.99; and SPZ, 23.14 6 1.09, demonstrating that this was indeed an appropriate reference gene for this study.
Gene Expression During Spermatogenesis
vasa was expressed in all stages (Fig. 4A) , and its mRNA levels were the highest detected in this study. They were significantly (P , 0.05) reduced from SPG to SPC, were further reduced in SPD, and then were maintained at low levels in SPZ. Even then, vasa mRNA levels were still 10-fold higher than the highest levels recorded in any of the other studied genes. In contrast, shbg, which in the sea bass localizes exclusively in the interstitial spaces between testicular lobules [47] , could not be detected in any microdissection containing germ cells at any stage of development (Fig. 4B) .
The expression pattern of cyp11b1 was about 10-fold higher in SPG compared with the other stages (P , 0.01), which exhibited low but detectable and similar expression levels ( Fig.   FIG. 2 . Application of the LCM procedure to sea bass frozen testis sections. A) Tissue recognition and targeting of the specific cell types; in this case, cysts containing spermatocytes (Spc). B) Tissue appearance just before catapulting. C) Catapulted cells leave a perforation in the place of the section where they used to be. The line indicates the dissecting laser path. The small boxes indicate the starting and finishing points of the catapultation process. The boxed numbers indicate the section number to be catapulted, the triangle shows the laser target position at the moment when the picture was taken, and the value in micrometers represents the size of the adjacent scale bar. Bars ¼ 50 lm (A-C).
5A). On the other hand, arb mRNA levels approximately doubled from SPG to SPC, where the highest levels were recorded, but differences were not statistically significant. In contrast, significant differences (P , 0.01) were observed after a sharp drop of expression levels in SPD and SPZ (Fig. 5B) .
With the exception of erb2, genes implicated in the synthesis and action of estrogens had overall lower expression levels compared with genes implicated in the synthesis and action of androgens. cyp19a gene expression levels increased from SPG to SPC, where they peaked, and then significantly (P , 0.01) decreased in SPD and SPZ (Fig. 6A) . era mRNA levels were highest in SPG, reduced in SPC, and lowest in SPD and SPZ (P , 0.01; Fig. 6B ). The expression levels of erb1 were maintained high in SPG and SPC, with a significant (P , 0.05) decrease to almost undetectable levels in SPD and SPZ (Fig. 6C) . On the other hand, erb2 exhibited a pattern of expression similar to that of era, with the same statistical changes between stages (P , 0.01; Fig. 6D ). However, erb2 maximum mRNA levels were 30-fold higher than era maximum mRNA levels. The genes expressed at the lowest levels in this study were igf1 and sox17. These genes were only expressed in SPG (Fig. 7) .
DISCUSSION
Development of LCM Methodology and qPCR Validation
The identification of the different germ cell types present during spermatogenesis in frozen sections of a complex organ such as the testis can be difficult, since this type of section does not render enough fine detail compared with paraffin-or metacrylate-embedded sections. However, the successful amplification of vasa gene, a specific germ cell gene marker [33] with the highest mRNA levels of all studied genes, denotes the abundant presence of germ cells in all studied stages. Further, because of the sampling strategy used, we are confident that only the desired germ cell type was microdissected at each stage.
A different issue is the purity of the microdissected cell populations. To avoid or reduce the presence of Leydig cells, we took advantage of the cystic mode of reproduction characteristic of teleosts, where the Leydig cells are located in the interstitial compartment [24] . Thus, when microdissecting, the portion of the cysts closest to the periphery and 
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VIÑ AS AND PIFERRER adjacent to the interstitial compartment was deliberately omitted. In this manner, contamination with Leydig cells or other interstitial cell types could be essentially avoided. Still, it is possible that a small number of Leydig cells were present in the sample. In this regard, shbg has been shown by RT-PCR to have specific expression around the testicular lobules of zebrafish [48] , where the Leydig cells are located, and recently inmunolocalized in the interstitial compartment of sea bass testis [47] . Therefore, since shbg mRNA was never detected in any microdissected tissue (Fig. 4B) , it can be reasonably concluded that Leydig cell contamination was basically negligible in our study.
On the other hand, Sertoli cells could not be excluded when microdissecting. In teleosts, including the sea bass [32] , spermatogenesis proceeds in a cystic mode [2, 24] . As spermatogenesis advances, the germ cell:Sertoli cell ratio increases within cysts. For example, in the Nile tilapia, Oreochromis niloticus, an histomorphometric study showed that the germ cell:Sertoli cell ratio is about 32:1 in type B spermatogonia-containing cysts but is reduced to 100:1 in spermatid-containing cysts [49] . Thus, Sertoli cell divisions have essentially ceased by the time germ cells enter meiosis. In parallel, after every cell division, the germ cell volume is progressively reduced while its numbers increase, resulting in a net increase of the cyst volume [49] , a situation that also applies to the sea bass [43] . Thus, although the presence of Sertoli cells cannot be omitted, the fact that they were not readily observed within the cysts, where germ cells were clearly the most abundant cell type, and the fact that the ratio of germ cells to Sertoli cells would be at least ;32:1 in SPG and much higher in the other stages, it can be assumed that the RNA obtained originated mainly from germ cells. Knowledge of the gene expression patterns exclusively due to the contribution of Sertoli cells could be gained by combining LCM with other techniques, such as in situ hybridization (ISH) and immunostaining to assist in specific cell identification and isolation. However, at present, specific Sertoli cell markers for the sea bass are not available. Finally, by analyzing a similar volume of microdissected tissue at each stage and taking into account the homogenous expression of the endogenous control gene 18s, it can be concluded that the LCM plus qPCR was validated to allow the reliable comparison of the mRNA levels of genes during the different stages of fish spermatogenesis.
Gene Expression Patterns During Sea Bass Spermatogenesis
Laser capture microdissection has been applied to the study of gene expression during mammalian spermatogenesis [19, 20] . To our knowledge, this is the first time that LCM has been applied to the study of gene expression patterns during spermatogenesis in a nonmammalian vertebrate. In five of the studied genes, patterns of expression during spermatogenesis, defined as comparing mRNA levels in at least two different stages, were not previously examined in any other teleost.
The germ cell marker vasa is required for proper development of the germ cells [50] . Its expression levels were A) vasa, a specific germ cell marker, was expressed and detected in all stages. Data are mean normalized expression (6SEM). Different letters indicate statistically significant differences (P , 0.05). B) The sex hormone-binding globulin (shbg), specific of somatic cell types, was not expressed in any of the four male germ cell types analyzed. Ovarian (Ov) cDNA of an adult female was included as a positive control. The size of the shbg band was 121 bp. SPG, Cysts containing spermatogonia; SPC, cysts containing spermatocytes; SPD, cysts containing spermatids; SPZ, cysts containing spermatozoa.
GENE EXPRESSION DURING FISH SPERMATOGENESIS
743 reduced as spermatogenesis advanced. A similar expression pattern was observed by ISH in the germ cells of testis of the gibel carp, Carassius auratus gibelio [51] . These authors observed vasa expression in spermatogonia, a peak of expression in spermatocytes, but no vasa mRNA was detected in spermatids and spermatozoa. In Nile tilapia, ISH vasa signals were strong in spermatogonia, decreased in primary spermatocytes, and absent in secondary spermatocytes, spermatids, and spermatozoa [52] . Together, these observed differences, with low but detectable levels in the late stages of spermatogenesis in our study, corroborate the role of vasa in the development of the germ cells [50] , but they also show the superiority of LCM coupled with qPCR when compared to ISH to detect low levels of gene expression.
In fish, as in other vertebrates, androgens are essential for the initiation and maintenance of spermatogenesis. 11-Ketotestosterone (11-KT) has been identified as the most important hormone regulating fish spermatogenesis, due to its ability to induce all stages in vitro [3, 4, 28] . The 11-KT is synthesized by Cyp11b1. Accordingly, in this study the highest expression of cyp11b1 was detected in SPG. This contrasts with the suggested specificity of cyp11b1 expression in Leydig cells [53] . These results could be explained if a contamination of Leydig cells had occurred, but it has already been explained above that this was unlikely. In fact, some functions that are characteristic of a particular cell type in mammals can be accomplished in more than one cell type in lower vertebrates. For example, in mammals it is well established that the FSH receptor is expressed only in Sertoli cells [54] . However, in the Japanese eel, Anguilla japonica, it is expressed both in Sertoli and Leydig cells [55] . Then, the expression pattern of cyp11b1, with significantly higher levels at the first stages of spermatogenesis, does not necessarily have to be an artifact of the procedure. In a study using qPCR of RNA from the whole testis of rainbow trout [56] , significantly higher levels of expression of cyp11b1 were also detected in the early spermatogenesis stages, when the testes were dominated by spermatogonia. Further, sea bass cyp11b1 is expressed during early development, and it has been suggested to be associated with the development of the male gonad [35] . Together, these results suggest that in fish, or at least in the sea bass, cyp11b1 not only is predominantly expressed in the first stages of spermatogenesis but that, in addition to Leydig cells, most likely is also expressed in spermatogonia.
Two subtypes of the Ar have been identified in fish gonads: ara and arb [57] . Here, the Ar subtype studied corresponded to arb [38] . arb was expressed in all stages with the highest expression levels observed in SPC. This is in agreement with observations made in the rainbow trout ( Oncorhynchus   FIG. 6. Expression patterns of cyp19a (A),  era (B), erb1 (C), and erb2 (D) . Data are mean normalized expression (6SEM). Different letters indicate statistically significant differences (P , 0.05 in A and C; P , 0.01 in B and D). SPG, Cysts containing spermatogonia; SPC, cysts containing spermatocytes; SPD, cysts containing spermatids; SPZ, cysts containing spermatozoa.
FIG. 7. Expression pattern of igf1 (A) and sox17 (B)
. Data are mean normalized expression (6SEM). SPG, Cysts containing spermatogonia; SPC, cysts containing spermatocytes; SPD, cysts containing spermatids; SPZ, cysts containing spermatozoa; n.d., not detected.
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VIÑ AS AND PIFERRER mykiss), where Ar was immunolocalized in spermatogonia, spermatocytes, and spermatids, being more abundant, as in the present study, in spermatocytes [58] . In the newt (Triturus marmoratus), Ar was immunolocalized exclusively in spermatogonia and spermatocytes [59] . Spermatocytes appear in the testes of all fish when they reach puberty, including the sea bass [42] , where it has been shown that arb gene expression peaked coinciding with the precocious sexual maturation of some males [38] . Thus, the pattern of arb expression observed here would correspond to the expected pattern when androgen acts as a mediator in triggering the appearance of puberty. Taken together, the expression patterns of androgen-related genes (cyp11b1 and arb) are in concordance with the expected effect of 11-KT in fish spermatogenesis. The temporal segregation of cyp11b1 and arb mRNA maximum levels (in SPG and SPC, respectively) suggests that Cyp11b1-dependent 11-KT synthesis during early spermatogenesis, when spermatogonial proliferation takes place, is followed by Arbmediated androgen action in spermatocytes, coinciding with the onset of puberty. This temporal segregation may suggest that 11-KT synthesized by Cyp11b in SPG is able to upregulate Ars in SPC, in agreement with the observation that in the mammalian testis, Ars exhibit stage-dependent expression and are upregulated by androgens [8] .
Although estrogens had traditionally been considered female hormones, in recent years increasing evidence of the essential role of estrogens in the control of spermatogenesis has accumulated [60, 61] . To evaluate the effect of estrogen in sea bass spermatogenesis, we analyzed the expression pattern of four genes related to estrogen synthesis and signaling: cyp19a [34, 62] and era, erb1, and erb2 [37, 60] . cyp19a expression was significantly higher in SPC, with a clear reduction in the following stages. The observed changes in cyp19a mRNA levels, together with the fact that mRNA levels detected for the three er genes were significantly higher at the beginning of spermatogenesis, is consistent with the suggested role of estradiol-17b (E 2 ) promoting the mitosis and renewal of spermatogonia under proper hormonal stimulation [28] .
In mammals, adscription of Cyp19 expression to a particular spermatogenic stage is still uncertain [62] , and Cyp19 gene expression has been observed in most cell types present in the testis, including Leydig cells, Sertoli cells, spermatocytes, spermatids, and spermatozoa [60] [61] [62] . In mice, Cyp19 and Erb were highly expressed in spermatocytes of long photoperiodreared individuals [63] , suggesting that E 2 acts in the initial stages of spermatogenesis. Biochemical studies on Cyp19a in the shark testis model showed that aromatase activity was maximal in cysts containing spermatocytes [64] , which is with agreement with the observations made in the present study. In both fish and mammals, estrogen effects were initially related to spermatogonial renewal [4, 60] , but latter evidence obtained in mammals suggested a possible function of E 2 also during spermiogenesis [63] . Recently, it has been demonstrated that treatment with E 2 induces the final stages of spermatogenesis in the gilthead seabream, Sparus aurata [29] . This is consistent with the presence of cyp19a, era, erb1, and erb2 mRNA in the last spermatogenesis stages of sea bass observed in this study. The concordant expression of era and erb2 in all spermatogonial stages and with a similar pattern of expression suggests that the biological effects of E 2 are likely relevant in all stages of spermatogenesis. Taken together, these results suggest that in fish estrogens are required and exert their actions in all spermatogenic stages, but specific actions at a given stage remain to be determined. However, estrogen effects are likely to be related to cell proliferation in premeiotic stages and with morphological or biochemical changes during spermiogenesis.
This prolonged estrogen requirement, particularly during the last stages, could explain why some fish exposed to estrogenic chemicals during early development without apparent effect on sex ratios or gonadal morphology later exhibit delayed effects during sexual maturation [65] .
The SRY-related HMG-containing box (Sox) genes encode a family of transcription factors involved in several developmental processes. In the sea bass, 12 sox genes belonging to different Sox families have been cloned [40] . Two Sox17 isoforms were isolated in mice and were found to exhibit distinct expression patterns. One isoform, SOX17, is a fully functional protein, and its expression is restricted to spermatogonia. This isoform is thought to act as transcriptional activator in the premeiotic stages during germ cell maturation. The second isoform, t-SOX17, is a truncated protein lacking the DNA-binding domain. Its expression is restricted to postmeiotic stages [66] . Sequence comparison between mouse and the complete genomic sequence of sea bass sox17 recently available (L. Navarro-Martin et al., unpublished observations) indicate that sea bass sox17 was homologous to the fully functional mouse Sox17. In the present study, expression of the mitotic proliferation marker sox17 was restricted to SPG, which is consistent with the expression pattern observed during mouse spermatogenesis [66] . Moreover, in the rice field eel, Monopterus albus, a protogynous hermaphrodite, sox17 was expressed in several tissues, but especially in the gonad. During the female phase, it was expressed only in the germinal lamellae of the ovary, but during sex change it was also expressed in the developing spermatogenic cells, suggesting an important role in sex differentiation and confirming its relevance for the initiation and maintenance of spermatogenesis [39] . Taken together, these results suggest that the role of Sox17 in the proliferative events of premeiotic germ cell stages has been conserved through vertebrate evolution in animals with very different reproductive strategies.
Igf1, a potent stimulator of cell growth and differentiation, has been implicated in the formation and initial differentiation of the gonads of juvenile Nile tilapia [67] . Igf1 has been associated with DNA synthesis during germ cell proliferation in the premeiotic phase of spermatogenesis in the shark testis [68] , and also with DNA synthesis in rainbow trout spermatogonia [26] , probably leading to the onset of meiosis [67] . Accordingly, the expression pattern restricted only in SPG observed in the present study suggests the same action of Igf1 during sea bass spermatogenesis.
Genes with a similar expression pattern within a process may be indicative of their involvement in regulating the same part of that process [69] . Thus, the observation that cyp11b1, igf1, and sox17 share similar patterns of expression, with the highest levels observed in SPG, is consistent with the idea that in fish, 11-KT induces spermatogenesis [28] , and that Igf1 is a mediator of androgen effects [26] , suggesting, however, that no Igf1 is needed in the more advanced stages once the animals reach puberty.
In summary, we validated the method of LCM plus qPCR to study gene expression during sea bass spermatogenesis and showed that, in general, the expression of genes involved in androgen synthesis and action peaked during the early stages, and then sharply decreased. In contrast, genes associated with estrogen metabolism, particularly erb2 and era, showed a more gradual decrease. Together, these results suggest that whereas androgens are required at high levels and may exert their major action at the initial stages of spermatogenesis, estrogens are also essential, albeit required at lower levels, and with a more generalized influence. Testis physiology is essentially conserved throughout vertebrate evolution. However, some characteristic morphological features of the teleost testis render fish as suitable models that can further contribute to our understanding of gene expression during spermatogenesis.
